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.+ .- & number of tests were made to determine the effect of
service sitresses on the impact resistance, the X-ray diffrac-
tion patterns, and the microstructure of 255 aluminum alloy.
The average impact resistance was. found to be unimpaired even
in material cut from specimens previously broken by repeated
stress. The Xiray diffraction patterns showed no strugctural
change resulting from the fatlgue-stressing of the alloy.

Two structural conditions known as slip-plane precipitation
and veining were observed, MTeining" 'in the sgtructure could
be made to disappear and reappear by alternate solutlon heat
treatment and age-hardening. I%t wes concluded that the fa-
tigue~stressing was not responsible for these structural
features and the endurance limit was not reduced by 1it.

In attempts to detect and evaluate damage resulting b
. from fatigue-stressing prior %o the start of eracks, the im-
pact behavior of normalized SAE X 4130 steel was determined
after a.variety of repeated stress treatmsnts. The results
are valuable in showing the effect of fatigue -cracks on+im-
ract resistance, but-fhey - do not glve any indication of dam-
age occurring before;the cracks head formed
I T

Damage of this kind was, evaluated by determlning the:
decrease . in endurance due to: gsbtressing aboye- the fatigus-
limit. In a large proportion of the tests made, a deflec-
. tion method was used tordeftect erack formation, so that the
damage -measurement could:deindefinitely limited to the pre-
erack.stage. The results, showed that the apparent rate of
damage depgnds on the- stre@s history. 'If the prestress is -
higher than the test.gstresg . the,damage oceurs rapldly, at
firet, "then more slowly.. .The peverse is true:if thse damage:
is 1inflicted at & strees lower than that used to measure it.
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INTRODUCTION It

Patigue is oneg of the most important factors contridbut-
ing to mechanical failure in service of highly stressed
structural members of alrcraft. It is apparent that the
metal ig.being damaged throughout the psrloecd of fatigue-
stressing; but the damage cannot be detected until vielble
eracks have formed, and when this occurs the life remalning
before failure is short. For several years a research proj-
ect at the National Bureau of Staendards has been dlrected
toward learning more about the damage occurring in the pre-
crack stage of fatigue of metals, This is the final report
on the project and includes both previously pudblished mate-
rial and new results. Part I is a recapltulation of data of
reference 1, and in peart II-A the previously published data
of refenence 2 are reconslidered in light of the new data on

.-the same material which are presented 1n part II-RB., e

._',‘- sk )
a7 T PHlgl gtudy was conducted at the request of and with
filnanéial assistance from the National Advisory Committes
fo# Aeronautics. g

- I. BFFECT OF SERVICE STRESSES, bN“25S{ALUMINUM_ALLOY :

A, Effect of Repeated Stress on Impact Resistance

N
e

Loss in resistance to impact has already been used by
Honda and Oshiba (references 3 and 4) to measure- fatigie
damage. Oshida showed a close correlation between thel growth
of fatigue cracks and the decrease of impact resistance tn'
annealed carbon steels. Davidenkow and Schewandin (reference
5) found a decrease in the strength of annealed carbon steel
at low temperature following repeated stress. above the fa-
tigue 1imit. Their work is.of speclal ' interest because they
found lmmediate lowering of the breaking strength during
very early.stages of the fatigue process before any fatigue
craok could berdiscovered on the faces of the fractures.

s s From consideration of such reeulta it seemed worth while
examining the effects of repeated stress:on the impact re-
slistance of alumipum alloy 25S5-T, particularly at a low tem-
_peratu;e,_,Egeliminary notched bar tests on material asg re-
ceived, showed that the impact resistance increased as the
temperature wae_decreased down to -78°% 0.

1
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Haigh axial loading machines were used for the fatigue-
streesing. The reduced sections of the specimens were cylin-
drical so as to provide material as nearly homogeneous in
stress history as could be arranged. Substandard Charpy and
Luerssen~Green torsion impact specimens were machined. from
the reduced eectione in such a way as to contain no visible
,fatigue cracks. . ..

.. The varioue repeated ‘stress treatments prior tq impact
tests are described in table I. The results.of thse impact
tests are summariged in table II. Detailed results of one

of the five sets of tests are shown in figure 1.

It was concluded that for material not containing s Ta-
tigue . crack located so0 &s t0 be involved in the impact frac-
ture, the impact resistance 6f alloy :255-T:was unimpaired by
.repeated stresses below or above the fatigue limit.

»

..Effect of Repeated, Stress on X Ray Diffraction Patter—s'

P

The advantagee of nondeetructivenéae and applicability
to localized’ surface elements contifie to make:X~ray diffrac-
tion studies of fatigue attractite"although thelr competency
in foretelling fatigue failure has been questioned particu-
larly by C. §., Barrett. (See reference B.) :

The immediate purp!se "of this inveetigation was to dé-
. termine what changes, if any, could be detected 'in. the X-ray
diffraction patterhs o'’ alloy'ZSS T as a result of trepeated
strees. Iron and molybdenum radiations were used: -to ‘examine
Krnuee cantllever rotating beam and Haigh axial loading
specimens at interVale during ‘the’ course of ‘fatiguerstress-—
ing. Table III gives tie'‘record of one of the Haigh speci-
..mens ‘which ' may be coneidered typical of the rest Corrd

In figure 2 the phetograms b, ¢, and 4 were all obtained
by exposing the same spot to the X-rav bean, an attempt being

,..made to lodk the specimen in the 'Sate ‘pogition for each ex-

posure. All the patterns of figure 2 were obtained from
.areas several centimeters from the point where a fatligue
.erack ultimatelv appeared. Thesé patterne showed no definite
change as & reeult of repeated stréss above-the fatigue limit.
They were the same in general appearance as many othere taken
on unstressed matertdgl. P

Tt is evident that the X-ray diffraction ‘patterns did
not indicate whether or not the alloy 258~T Had - been damaged

4 v ) . N ST S - 3 e . -
. —
- ) T e -
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by repeated stress. If a series of pabterns had been ob-
tained at various stages of the fatigue 'priocess by directing
the beam at the exact spot where a fatigue crack eventually

‘occurred, then a different result might “hawve vheen 'obtained.

o

Such technique is in common use on test -specimens, but for

"the inspettlon of large service members hundreds of diffrac-

tion patterns would be needed to make sure that every likely
~spot had been examined. Such a procedure does not seem
‘practical T ) : :

C. Effect of Repeated Stress on thée Microstructure

The tdrms "slip-plane precipitation" and-"veining" con-
note quite unrelated-structural conditions in aluminum alloy
258-.T7., Although .theére was no a priori reason for regarding
these structural features with suspicion, the faect that they
were prominent 1in the microéstructore of failed propeller
blades prompted a study of their origin and probable signif-
icance, especially in relation ta fatigue-stressing. '

The appearance of slip-plane precipitaetion in a propel-
ler blade of 255~T aluminum alloy ig .shown in figure 3.
Many of the individual grains are-crossed by intersecting:
families of parallel lines. .The 'micrograph of figure 4
shows that each individual -line ‘consists of a series of dis-
crete particles. .

Identification of tle crystallographic planes bearing
‘these particles was made€'-dn several large crystals found 'in

«.gectlons through a propeller btlade. Photomicrographs :0of the

polished:"and retched sections were used %o 'establish twe di-
rieatdone off tite rows of precipitated particles with .refgpect
to::reference .serdatches. The crystal orientations were .-then
determined 'from back reflection X-ray patternd.* 'Inall .
cases, intercepts of octahedral planes on the plane of polish
iwere found to lineimp with the rows of particles. - This,

'‘coupled with the fact that no more than four directions of -

the rowe of particles wsere found in any one of the large num-
ber of grains examined, indicates clearly that the pretipita-
tion had occurred on octahedral plane's. '~ = it ot
The question immediately artsing is whetler o6r not the
slip~plane precipitation is a result of service stresktes and.

*The valuable assistance of H, C. Vacher, Metallurgist,
National Burean of Standards, is acknowledged in thie phase
of the work. . Ly Co
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whether the condition is detrimental %o the matéFial, partic-
ularly in its reesistance to repsated stress. . In.a study of
the fatigue characteristics of lead cable sheath Townsend
(reference 7) concluded that structural changes occcurred in
an antimony-lead alloy as & result of the service conditions,
-:primarilv of the stresses,‘and that these changes had an im-
" portant ‘bearing on the subsequent behavior of the metal as a
.whole. In that case, the change which. consisted essentially
of the precipitation from '8611d. solution. of.the antimony. was
confined principally tp the grain boundariee.. The-possidbil-
ity of a- similar occurrence in the present case was examined
Many different attempts o’ produce slip-plane precipita-
tion"in 258-0;" 2565-W, and 35S-T alloys by.deformation and
'*repeated stresses failed. Likewise, deformation of the 25S- o,
or annealed alloy, followed by agling at .elevated temperatures
failed to produce slip—plane precipitation. S

Tow

! It was found that if the soiuticn heat treated alloy
(255-¥W) was plastically deformed by moderate.amounts in any
of & large number of ‘ways and then aged at an elevated tem-
perature - ‘for example, 143° ¢ ‘for a sufficient ‘time, usually

Srabout’ 17 hours ~ the alloy then contained oopious améunts of

~*glip-planse precinitation. Fatigue specimens of 255-W stressed
to 'failure ‘showed no evidence of slip—plane precipitation

- until after aging st elevated temperatures., Solution heat
treatment followed by age-hardening in .the usual manner wase
sufficient to producs the effect, without other stress treat-
ment s, particularly nedgr corners and edges where quenching

-etresses were expected to be the greatest. .

gt co- ——

The results of determinations, of fatigne strengths of
255-~T samples containing little and much slip -planza. precipi-
tation revealed no marked difference between the LHwo, pat 1f
anything a slight superiority of the material containing much
slip—plane precipitatibn. ": L. . ;4~++r'

It was’ cbncluded therefore. that the existence cf this
structural condition’ in the material wae not an indication
of fatigue damage. _

. -:'~

Experiments on veining such ag shOWn in figure 5 in
alley 25S were sufficient’ to sHow _that this condition could
be suppresssd “ard” restored repeatedly by’ solution heat treat-
ment and -&g&=K&Pdening, respectively, and ‘that the condition
offers no promise of being useful ‘as an indication of fatigue
damage. : e e - . e e e

y - ~ . e il in
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e EFFECT OF SERVICE STRESSING ON Cr-Mo STEEL -
P 1 ‘.
A Effect oT Fatigue Stressing on Impact Resistance -

A

As a pobsible means of detecting and evaluating demagdr-
in steel résulting from fatigue-stressing, the impact reslst=
ance of thé"stressed metal was determined in' supplementary:i
tests of sPecimeéns which had been fatizue-stressed short ofin
frecture.' Thé impact behavior of normaliged SAE X 4130 staal
was studied”following fatigue-stressing under a variety of-?!
conditions of stress amplitude, mean stress, stress concen-
tration, stress: distribution, and temperature during streee—
ing. Comparativé data were secured for & variety-of inpantyd
.testing temperatures ranging from room temperature to -78° G

Testes made with Krouse rotating cantilever specimens
stressed below the fatigue limit and subsequently broken in
transverse impact showed no loss of impact-resistance as com-
pared to specimens’'ih the as-received condifion elther at
room tempeérature or -78°% G, Similarly, négative results were
¢btained.with smooth specimens fatigue-stressed by axial
loading (Haigh machine) whén tested in tensile impact at 'room
temperature and with smooth' gpecimens fatigue-Btressed transe-
versely as rotating beams (R. R, Moore machine’)”when théy
were tested in tensile impact at room temperatur? and--33° C.

ity oo
) None of the -8pecimeng” stressed above the fatigue iimit
by equal tensile -and ‘compressive axial loading-showed any’
lose in impact resietande uUhlese surface cracks were presehnt.
The tests 1eading to this conclusion were as follows:

Notched specimens’ having a- nominal fatigue 1imit of
26,000 pei wereé stressed'as Yotating cantilever beams for
various numbers of cycles at +40,000 psf, then tested in
transverse impact at room temperature, -20° C, and -78° C.
The fact that a specimen had received a specific number of
cycles of B given overstress-was of small importance com-
rared %o the presence ot &Bsénce of fatigue cracks.

Tensile impact tests of unnotched specimans which had
been stressed as rotaﬁing beaidd or stressed in ‘equal tension
and. compressibﬂ by dx¥al ldading gavé no indication of any
kése in elongation 4r 'Impact ‘&nergy until surface fatigue
cracks were present.  Sueh crécks were not always found in'
advance of-the impacﬁ test, -7 '

With both the above groups of specimens, tests were
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made at room temperature and at one or more lower tempera-
tures. In all cases, the presence ‘of eracdks could be ‘de-
tected as easily at room temperazture &s at low temperatures. '
For the notched specimens it was shown that, for a specific
percentage loes Qf impact energy, 'a deeper crack can be~
tolerated at roon temperature than at —20° or -78° C.
- T S

Specimens which were ove?etreesed by euperimposinglfd--
tigue stresses .on mean tenefie §tressés 'vérying from I7'4GQ'!
to 77,000 psi. extended plaetically during the first few" s
thoueand eycles of gtregs, after which no further extensron -
took place during the precrack stage of fatigue. ©Gmall de-~
ereases in.elongédtion and teneile impact energy accompanied
this 1nitial exteneion. but these losses were ‘also restricted
to the first few thousand cycles of stress.- No further
change in elongation or impact energy took place until the
advent of fatigue cracks. -

% fhe- numher of cracks formed during fatigue etreeeing
wae in some cases dependent oxn the fineness of  the surface-
finish, as shown by the following results. Specimens
stressed either by axial loading or transversely as rotating
beams! for which the mean tensile stréss dutitig the fatigue-
test was zero, developed not more than five cracks in any
one specimen regardless of the ¥friish uwsed. EHaigh specimens
subjected to mean tensile stregses between 17,400 and 50,000
psi during. fatigue stressing’ déveloped many ﬁore cracks” if
the surface was finished with Aloxite than 1 it had then i
finer 4/0 polieh Haigh specimens. subjected to" a mean-fen-’
sile strese of 77,000 psi during fetigue streesihg aeveloped'
large_numbers’ of fatigue cracks (maximum about 200) regard-_
less of the finish used. ’

- :"2-& -,_}‘_;_.

Specimene which had been fatigue stresaed by'axlal 168d™
ing and head develcped cracks were used to° etudy the’ relation-'
ship between crack.dimensions gnd” teneile impact behavfér |
The cracks were meaeured with a trevelin ,mierogcope focused
on the,.fracture. Figpre é'shows the’ relationehip for ih ect
teagts made at rcom temperature and -3$° C. between averegg _
tengile.impact energy and the product of e¢rack’ length times o
crack depth. Bven the smallest cracks measured produced P
significant losses in impact energy and elongation. TFor "~ ® -
specimens containing cracks smaller than a certain criticel
elze the average impact. energy Wwas the’ same at rOom tem or~
ature, an@ at -33° ¢, TFor a spgcimen’ containing a ctack®”

¢ -

115 the' supceeding discuesépn these types of specimbhs "
are designatea B’ "Heigh' and R Moore“_ reepectiveiy.

.'.‘7

R .___ AT B
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larger than the critical size, the impsct energy was less at
-330 C than at room temperature.

. N

. A number of specimens fatigue-streseed by axlial loading
sufficiently to-produce cracks were machined to remove the
surface layer containing the eracks. In each .case, the ten-
slle 1mpact resistance of the remaining "core! specimen was
sllghtly less than for gmimilar specimens not fatigue-stressed.
This difference wase attributed mainly or wholly to the plas-
tic extensaion received during the repeated stressing.

Specimens fatigue-stressed by flexure at ~40° to -45° ¢
showed no "evidence of lowered impact resistance at sither
room “or ‘lew temperatures, provided no detectable cracks were

rresgnt in the metal,

From all of the above results it was evident that damage
6f the metal produced in the precrack stage of fatigue-strees—
ing was not detected with impact teats.

B, Effect of FatiguewStreseing on the Fatigue Strength

3 -

-of the Uncracked Steel

Sinca the, maasuremente deseribed in the preceding sec-
tione -gave no prom;se of evaluatlng fatlgue damage incurred
during the precrack stage, it was declded to concentrate on
a study -of deamage of.the material as meagdured by the decrease
In 1te fatigue strenagth. Such a study would be expected to
yield isformation concerning the rate at.which damage pro-
gresses et varying degrees of overstreses. A‘'considerable
amount of work of this type.has been done, particularly by
Xommers (reference 8), but the majority of investigators have
_used the decrease in fatigue. limit as.a measure of damage-

‘It was thought that teate baased on ths loss of endurance:;at
stressees abo¥e the fatigue limit would give a more sengitive
messurement of,damage amd would have,ths advantage of giving
results mors. applicable to service cqnditions Accordingly,
most of the tests.described in this: eection were conducted in
the latter way.. . _ -

!-r-

1, Material and Test Methods.—«Tha material used in all
of these tests .was chromium-molybdenum:.stesl, SAE X 4130
(now 4130). Material from two differant neat & -was used, that
designated ag M356 being used for the- Haigh and unnotched
R, B. Meore .specimene, while M390 was used for. the notched
R.'R, Moore specimens. Results of éhenical analyses of the

two heats are given:
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.
M

: - | K356 M3I0.
" .. (percent) (percent)

4 - 0,81 0.30°

T Mpt .55 .50
RO _ ' .015 .007
- 8 .020 .011

- T8 _ . _ .2l .19

“Or S - .88 .89

‘Mo N 19 .31

St N4 o . 06 : .10

L3 .
v

bR '“Tme material was normalized prior to machining by air
cooling from 1625° P. The average mechanical properties of
several specimens of material M3S0 are given below, The
tenslle specimens were of conventional design with a reduced

section 0,313 inch in diameter. T B e .

Yield strength (0.2-percent offset), psi . ."f,...f. 62,500
Ultimate tensile strength, pei . . . . (. . .. « 104,200
Blongation in 1 inch, percent .. . . . ¢ . ¢+ 4 .ie.s o= 27
Reduction of area, perecent . . . . . .o . . . o . . . . 87

Hardness-Rockwell B . . . . . . . . « « & & & o o o = 90

The smooth (unnotched) specimens used in both the rotat-
ing beam and axial lezding tests hed minimum sectiona 0. ?OO-
inch diameter with an outline sweep radius of 9§ inchés.- The.
notched .specimens had & cylindrical test section O, 35-inch
diameter, into which was cut a2 semicircular: circumferéntial
notch 0.05 inch deep and 0.05-inch radius. The stresses’ .
listed for the notched specimens were calculated on the min-
imum diameter of 0.25 inch without regard to stress concen~
tration. The smooth specimens were polished by hand with
Alexite paper, the direction of polishing being parallel te
the axls of the specimen. The notches in other specihens '
were finished with a copper wire, slightly smaller in diam-
eter than the notch, charged with a slurry of!No. 302 emery
in water. The specimens were rotated slowly.in a iathe
while the wire, held at right angles to the axis'.of the spec-
imen was rotated rapidly. In this way the finé polishing )
scratches at the bottom of the groove were substentially par-~
allel to the axis of the specimen.

The Haigh testing machines used in conducting the tests
for which the specimens were ‘gtressed by axial lnading were
aperated at a frequencv of 2400 cycles ber” minute,.the mean
stress being heid conatant at 10,008° psi tension The smooth
specimens were .tested in Moore rotét{ng beam machines at
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1750 rpm; whereas the companion notched specimens were tested
at 3600 rpm, most of them in a machine with which great care
had been taken to minimize vibration.

In all cases of a group of results obtained under iden-
tical conditions, the median value was taken &s representative
of the endurance of the group. This was thought to be a more
representative value than the average, as 1t is less affected
by an occasional excessively . @ivergent value, and it may be
determined in cases where some elements of the group cannot
be expregsed numerically, but are known to lie in a certain
range, Forx .example, if in-determining the endurance at a
given strese, only one speclmen. did not fail,'the average en-
durance of thé groéup‘'would bde 1nfinite- wheréas the median
value would be finite. ’

Unnotched ecimens tresaed by axial loading. - The
endurance o0f unnotched specimens was determined at 83, 000 psi
stress range (31,500 .psi. compression to 51,500 psiitenaion) .
end - at 84,000 psi stress range (32,000 psi compreggion to ' '::
52,000 psi tension). Specimens were then stredsc¢d for varil- {-
ous cycle ratios® at one of these values of stress ggnge’gnd )
tested to failure at the other. The damage was measured by
the change of endurance from that of the specimens which had
not been prestressed, a negative value ofithe damage indicat-
ing that the endurance was greater after prestressing. The
results are shown in figures 7 and 8 and 1n table IV,

-

In the . table, the’ column headed SIQ is the semi inter-
quartile range?® of each group of results. Both the- damage
and the semi-~ interquartile range are expressed as peﬁcent of
the original endurance at the test stress. The latté# is a
meakure of the dispersion of the individual values” whith ex- _
pressges’ the same 1imits relative to the median ag the proba-i-
ble ‘eir'or .expresses relative to the average. The' SIQ rangaq,
for the ®Wesults of the axial - -loading tests are lqrge, ‘so.it.
18 not surpdrising that the points of figures 7 and 8 ‘arfe ..
widely scatbered. It 1s difficult to draw concludions from -
these resilts, but it appears that there was improvemént in . :

*The term, cycle ratlo, as used here, designates the
ratio of the number of ecycles run at the prestress to the
total nupber of cycles which would: cause failure at thia
stress. ° -'“f SaF NP .

LAt : »

..‘

20he midﬁle number oﬁ'a series arranged in. order of ma g~
nitude 1s the*™nedtan .tz The middle dne of the.numbers that lf
below the median is the lower, quartile, the middle one of
those above is the upper quartile Half the' difference’ be—_
tween the upper and lower quartiles ie the semi- interquartile
range.
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the endurance at 84,000 psi due to prior stressing at 83,000
psl stress range. It is evident that very many more speci-
mens would have been reqiiired to obtain reliable approxima-
tions to the true damage curves.

Unnotch specimen tresged ag rotating beams.- A
testihg progrem similar to that presented in the preceding
section was conducted with R, R, Moore rotating beam_machines.
The fatigue limit was =49, 500 pei, and the two stresses chosen
for- prestresaing and testing were *55,000 psi and +65,000 psi.
The résults are ,Bhown in figures 9 and 10 and table V

It will be noted from the tables that the dispersion in
these tests, as meagured by the SIQ range was much lees than”
in the axial loading tests, and the results may be expected
to be correspondingly ‘more reliable, Figure 9 shows defi-
nitely that when the prestress was higher than the test stress
the damage occurred more rapidly et first. The epposite tend~
ency i1s indicated. in figure 10, In this case the prestress
wa.gs lower than the test stress. The marked improvement ob-
tained in these tests is surprising and the results are open
to some question because of the small number of specimens’
used to establish the points. 4&n attempt to verify this im-
provement with a few specimens of a different heat offthe _
same steel was unsuccessful, The stresses used& were the same,
and the value obtalned is represented by the point labeled U
on figure 10,

In addition to the above tests in which damage was meas-
ured by the decrease in endurance by prestressing at stress
values above the fatigue limit, 'a group of. specimens was also
run t6 determine the damage as measursd by the decrease in
the fatigue 1imit due %o prestressing at £65,000 pseil " The
resultes of these tests are listed in %adle VI and plotfed in,
figure g. . .

4 Notched specimens stregsed ‘as rotating beamg - The

tests describved in the preceding sections resulted in severaiﬁi

conclusions regarding the requirements for satisfactory ‘meth-
ods for evaluating fatigue damage. TFirst, i1t is obvious that
the axial laad tesfs resulted in so much scéttei that satie-
factory precision could not be obteined with any reasonable

[y

number of speeimens. Second, even with the smaller dispersion

sbtained in. the rotating beam tests, an aVerage ol about eight
specimens would be reguired to give significant results for
each conﬁition. Third, the evaluation of damage Ey running
tests to fracture is limited to eycle ‘ratios sufficiently
small so that the chance of crack formation during prestressing
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is negligible; otherwise some specimens would be includéd in
which the.damage was dependent only on the size of an.initial
fatigue crack rather than -on the effect of prestressing.

The methods followed in the final stage of the study of

fatigue damage were chosen in light of these conclusions.
In order to guard against cracking during prestress it was

. necessary to have .a means of detectling fatigue cracks at.an
. .early stage without stopping the test. Such a method was, de-
:yeloped; dased on the fact that the deflection of a. rotating
bean spgcimen under constant load increases when a erack i
forms. The apparatus and technique used to detect and meas-—
ure this deflection have already been described in-.detail.
(See reference §.) The method used was essentially as fol-
lows; One of a .pelir of contacts was fastened to the specimen
end ,of a bearing housing on the BE. R. MNMaore machine the
,othgr contact being carried on'a micrometer screw mounted on
the bed of the machine. The contacts opérated,a signaling
device through a tube circuit, so the position of the upper
contact could be determined by raiging the lower contact and
noting the reading of the micrometer gcrew when the clrcuit
was closed.

In order to get the best results with this apvagratus it
was necessary to mount the fatigue testing machine.on springs
to minimize vibrations from extraneous sources. Also, no
specimen was used which caused excessgive vibration when the
machine was running. With these precautions it was possible
to set the contacts 0.001 to 0.002 mm apart, so that a de-
flection ofthis amount would operate the signal. The de-
flection is a function of the size of crack, and the crite~
rion of faillure chosen was a deflection of 0.005 mm. As
shown in reference 9, this corresponds to a crack area about
12 percent of the original cross section. The specimens werse
actually run until the deflection had increased to 0,01 mm in
order to make certain that the deflection was due to a crack,
but the data in the next section are based on the number of
cycles run before the specimen deflected 0.005 mm. This num-
ber is referred to as N, .’

Tests were conducted in the conventional manner on a
group of notched specimens to determine the S-N curve and the
fatigue limit (tests to fracture). TFour stresses between the
fatigue limit and the yield strength of the steel were chosen
toc be used in the investigation. The fatigue limit of the
notched specimens was found to be 39,000 pgi and the four
stresses chosen were 42,000, 48,000, 54,000 and 60,000 psi.
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Tests were then made to determine N, .at each of the
4 chosen stresses. At least 10 specimens were tested at each
stress, and the medlan of each group wae nsed as the value of
eﬁdurance at that stress.

Since the scatter of the resultpg was not uniform in the
4 groups. ‘1t wes necessary o0 test more specimens .in gome
cases:fHah 'fh others in order to obtain epproximetely the
same precision for each value of N,. The number of tests

in each_group ranged from 11 to 17 for this reason,

The vilues of N, (the number of cycles to form a crack
of defipite size) for each selected streas are llisted below!

:42q000 psl for 963 x 103 cycles : T
48,000 psi for 264 % 10°® cycles L
54,000 psi for 93 x 10% cycles o
60,000 psi for 44 % 10°® eyecles o

In the next stage of the investigation each specimen was
first stressed for a predetermined number of cycles at one of
the, four chosen stresses; then the stress was changed as
given below and the number of ecycles to failure determined.
Comparison of this. value with the above median velues gave a
measure of the. damage cauged by the prestressing. Four dif-
ferent combinatiQns of prestress and teat stress were used
as follows.“.

frovF L . . : - A - _.,
I’gzgéiiiéﬂ | | | Tegt stress =
42,000 pst i 5

£54,000 pai} 48,000 psi

+£48,000 psil| ' o - 54,000 psi
+60, 000 pai}' . . 58,000 ps

R R : - T e
* Thus, there was one”ppestress higher and one lower than’
each test stress. TFor, each of the. above combinations, tests
were made with the prestressing .carrled to 10, 25,.50, 75,
and 90 percent of the median value of N, The nuhber of

tests made for each amount of prestress was between'6 and 10
depending; on’ the scatter of the:individual values. *The me-
dian wes again used as the value representative of each group’
and the valuss are listed in table-VII., The varlation of
damage ‘with percent prestress is shown. graphically in figures
11ilahd 12 for a ‘test stress of x48,000. psi and in figures 13
and 14 for & test stress of 54, 000 psi. -In the graphse-thHe "
broken lines Join the upper and lower quartile points of éach
group of values and ‘thus give an indication of the scatter of
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the data. The curves from figures 11 to 14 are combined in
figure 15 for comparison. :

In the test groups in which prestressing was carried to
75 and 90 percent of the endurance, some specimens falled be-
fore the prestressing was completed - that ise, the damage was
greater than 100 percent. This caused no difficulty in de-
termining the median, although it did make the cdmparison cf
precision between the groups more uncertain.r r“i;r

While the results of the damage tests as shown in figure
156 are not directly comparable with those obtained with
smooth specimens) there are certain similarities. The tend-
ency with both types of specimen was for the curve represent-
ing a prestress above the test stress to lie above the 450
line. The oppositse tendency was noted when the magnitude of
the prestress was below that of the test stress. (The 45°
line may be considered ae the damage curve for a prestress
equal to the test stress.)

In order to provide a basie of comparison with the re-
sults on fatigue damage reported by others (uaually basged on
the fatigue limit), some tests of this type were conducted
with two values of prestress, 42,000 and 60,000 psi. The
effect of various amounts of prestressing on the fatigue
limit subsequently determined by fracture tests is shown 1in
figure 16 and table VIII, The number of cycles of prestress
used for the 75-and S90-percent cycle ratlos was the same as
the number used in the previous phase of the investigation,
but 2 correction was made in determining the cycle ratios
represented by these ameunts of prestressing. The method of
making this correction will be shown for the case of the
highest cycle ratio at £42,000 psi. The median N, for
thie strese was 963 x 10°. When it was desired to prestress
a group of specimens to 90 percent of this valuse, or
867 x 10° cycles, some of the.specimens failed before pre-
stressing was compLeted . Only -thoese which did not fail in
prestressing could :be used for the determination of fatigue
l1imit; so this determination was not truly representative.
Therefore, in the original serles of values of XN,, the me-

dian of all values;gfeatar than 867 x 10%° was taken as be-

ing representative of the specimene which were used to de-

termine the fatigue limit after prestressing. The cycle
ratio as plotted in figure 16 1s based on this second median
(1057 x 10® cycles), and i1s consequently less than 90 percent.
A similar correction was made for the 75-percent .prestress at
*+42,000 psi, and for the 90—percent value at +£60,000 psi.

The corrected values of cycle ratio at =42, 000 psi were 68
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and 80 percent; at *60,000 psi, the highest valus was 77 per-
cent. o ST

The apparent repair of damage during stiressing at .
42,000 psi is surprising, and should be verified by addi-
tional work. Sitece each point of figure 16 represents only
five specimens, the rise in the fatigue limit may possibly
be dAue to variations in the specimens,

R In order to make the data on the effect of prestressing
on endurance (F¢)(fig. 15) more directly comparable with

those on the effect of prestressing on fatigue limit (fig.
16), an attempt was made to determine the fatigue limit of
cracked specimens. The accurate calculation of stress on a
specimen containing a fatigue crack is virtually impossible
becguse of the irregular and unpredictable shape of the crack.
A rough estimate of the increase in stress with spreading of
the crack was made by assuming the stress  inversely propor-
tional to the ratio of uncracked area to original area.

The specimens used for this aetermlnation had deflected
0.010 mm in the fatigue test. This corresponded to a crack
area equal %o 17 percent of the original minimum section and
the fatigue limit of the cracked specimen was found to be
23,500 psi. In figure 17 the data of figure ‘16 have been
replotted with the damage expressed as percentage of. the dam-
age caused by a crack of this area ratio. The straight  line
drawn through the data points for 60 000 psi was determlne&
by .the method of least squares. - :

Figure 18 shows the S-N curves for specimens Wlth three
.types of stress concentration: smooth (zero concentration)
notched, and’ cracked (maxlmum concentratiqn).; The points
marked X or + in’ figure 18 are the results from cracked spec—
imens having crack-aréas other:than 17 percent.; It W111 be
noted that the value for a specimen having an area ratio of
KFC percent lies veéry far above the l7-percent, ratio curves:
while the values fbr specimens having a 12—percent ratio, are.
in the same range’or lower. This suggests that the. stress
concentration at hlgh stresses 1s less for large cratks than
for small crecks. -Much more experimental work would be re-
quired before any’ general stateme nt could be made wlth cer-
tainty. S X3 .

O A ] e 0L

In table IX are shown tHe values of stress concentration
factors given by the ratios of the fatigue limits of the
sneclméns under three conditions of stress concentratlon.

>



ls NACA TN No., 992

Almen (reference 10) has shéwn that the slope of the falling
part of the S~N curve increases with increasling stress con-
centration. If the slope of the falling part of the S-N
curve is a. measurée of effective stress coricentration, then
the ratiog bf the slopes of the three lines of figure 18
should - -glve the same values for these factors. The slopes
and ratlos are glven in table IX, and the agreement with the
factors determined from the fatigue limite is satisfactory.
The value of theoretical stress concentration factor given
in the tabXe for the notched specimen wes calculated from e
formula given in reference 11.

CONCLUSIONS ~

P
P N

e - -

. 1. The poesible deleterious éffect of loﬁg éontinued
fatlgue-stressing short of fallure was studied on two metals
used in aircraft construction. These were B5S aluminum alloy
and X4180 chromium-molybdenum steel.

2 Prolonged fatigue stressing prior 'to the formation of
cracks di&’not cause embrittlement (as measured by resistance
to impact) i either metal. After cracks had formed, the
lose in impact resistance was a function of the size of the

-eracks,

. 3., In the cdse of %4130 steel it was found that the em-
brittling effect of fatigue cracks was greater at low temper-
ature thaq at room temperature.

4. Study of X-ray diffraction patterns and microetruc-
tural features of 258 aluminum alloy showed that these are

‘ot compmetent to detect fatlgue damage,

6. Measurement of" specimen deflection in a rotating beanm
fatigue test provides & satisfactory method for the early de-
tection of fatligue cracks without stopping the test,

6. The decrease in endurance at stresses above the fa-
tigue limit was & more sensitive measure of fatigue damage
thdah 'was the decrease in fatigue limit.

7. The apparent rate of damage by fatigue-stressing

short of. crack formation was dependeént on the relationshi

between the stress at which the damage wae done and that uaeﬁ
to measure 1t. :
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8. If the prestress was greater than the test stress,
the damage occurred rapidly during the first part of the
test, then more slowly. The reverse was true if the pre-
stress was less than the test stress. Thus, in a machine
which must endure overstress, 1t would be beneficial to
avoid. relatively high etreases during the early part of ite
Iife. .~ 5r O I S
9. The damage as measured by reduction of xhe fatigue
1imit occurred at a uniform rate when theé stress was far
above .the fatigue limit. When the striéss’ ‘was’ onlv slightly
above the fatigue 1limit, little damage'dccurred up to 80
percent of the precrack endurance.

10, Because the scatter of fatigue test reeults is in-~
herently large, it is necessary to run a sufficiently large
number of tests under each set, .0of conditions so that the
dispersion will not Yve 1arger than the effect of changing.
conditions. This conslderation has not reeeived’ sufficient
attention in much fatigue testing, inclading some of the
work on this project. - o :

11, The slopes of the falling part of the S-N curves |
for the same material in emooth notched, and cracked spec-
imens showed approximately ‘the same (stress concentration)
ratios as the fatigue limits.

Natienai:Bureaﬁ"of'étaﬁdarde,
Washington, D. C., January 6, 1945,
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Table I - Fatigue Stressing of Specimens in Haigh Axial loading

293

Machine at Room Temperature Prior to Impact Tests.

(The frequency was 2,400 cycles per minute in all cases)

19

Mode Mean S8tress Limits Stress
of re- stress |Maxi- Mini- Range Cycles of Remarks
peated | (1b/sq.|mum mum (lb%eq. Stress
stress-| in). (1b/sq.| (1b/sq.| in).
ing tengion| in). in).
a---- 3,650 | 10,150| -~2,850| 13,000 | 25,000,000 [Unbroken
be--= 20,900 | 37,600 &,200| 33,400 288,000 do
Cm~em 20,900 | 37,600 4, 200| 33,%00 153,000 ta Broken
0, 000
dem—- 20,900 | 38,200! 3,600| 34,600 144000 Unbroken
Or—em 20,900 | 38,200| 3,600] 34,600 288,000 do
Lommm 20,900 | 34,200/ 3,600} 34,600 | 192,000 to Broken
276,000
@.Te 0 0 0 0 0 As received
Table II. - Impact Resistance of 25ST Aluminum Alloy Previously
Subj)ected to Fatigue 8Btress.
Impact |No. of [Temper-| Moge Noteh | Aver~ Average |[Scatter
test impact |ature of pre-| depth | age devia~- [(ft.-1Db)
method |speci- |of test | vious (in.) | impact tion
mens (¢0) fatigue energy from
broken stressl (£ft.-1p) | mean
(percent)
ig 25 a.r. 0.039 6.0 8.3 2.6
20 25 (a) .039 5.7 9.3 2.0
Charpy (20 25 a.r. .005 k.6 5a1 3.4
(14 25 () 005 k.7 75 k.o
s 5 25 (e) . 005 15.1 7.3 2.7
(18 25 a.Te None 54,0 7.2 28.0
Torsion] )
{2 25 (a) None 57.0 7.0 8.0
éls "78 - % oF 3 0.005 1697 6.0 5; 2
Ch ¥
6 “78 a..f'. 0039 810 15-0 3 ¢5

lgee Table I for mode of previous fatigue stress.
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Table III. - Repeated Stress -~ X-Ray Diffractlion Record of a
Specimen of Alloy 258T.
Epﬁcimen Stress Range 4,200 to 37,600 1b/inZ Tension
H+4A
Date Stressed Cycles Date of Figure
X-Ray
2/23/38 288,000 LY/27/38 2a
L/28/38 P24
L/29/38 36,000 additional 4/29/38 2c
5/26/38 79,200 additional (failed) 6/2/38 2a
Table IV. ~ Effect of Prestress on Endurance for Unnotched Spec-
imens; SAE X4130 steel, fatigue stressed by axial loading.
No. of “Test Prestress| Cycle Engurance, Damage 514
Specimens | Stress Range, Ratio | 107 Cycles 2§
psi psi % (a)
13 ~ o] 156 0 98
r
9 &3,000 | 8,000 6 161 -3 Lg
8tress
6 Range ﬁ 20 60 62 69
6 4o 135 13 50
7 \_60 L6 71 5
5 - o 125 0 28
6 g4, 000 | &3,000 (5 157 -25 67
Stress
5 Range 1\15 2Ll -95 77
8 Lhe 116 7 54
(a) 8IQ = Semi-interquartile range
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Table V - Effect of Prestress on Endurance of Specimens of Un-
notched SAE X4130 Steel, fatigue stressed as rotating beams.

No. of Test Prestress | Gycle| Endurance | Damage SIQ¥]

Speclimens| Stress Ra%}o 10”7 Qyecles 28 %

3 m—— 0 557 77

L (| 0.8 550 1 12

8 ¢+ 55,000 4 336 ko 36
psi %+ 65,000

8 psl {- 8.5 3 by 12

L 17 296 47 2o

7 33 ol 56 7

g _ | 67 156 72 17

10 - 60 o] 25

2 ( .8 87 -5 —

3 + 65,000 9 55 B 10
pal % 55,000

3 psi 18 &85 =2 62

3 36 103 -72 68

L sk 15 75 28

3 Ll72 Yo 30 hg

% SIQ = Semi-intergquartile range

Table VI — Effect of Prestress * 65,000 psil on fatigue limit
of unnotched specimens of SAE X4130 steel stressed as rotating

beams.

Cyele Fatligue Reduction in

Ratio, Limit, Fatigue Limit,
% - psi %

0.8 Lg 500 2
8 49 000 1l

33 L6, 500 6

67 4k oco 11
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Table VII. - Effect of prestress on endurance of notbhed spéci-
mens of SAE XK130 steel stressed as rotating beams.
YNo. of Test Prestress Cycle Endurance Damage SIQY
Specimens| Stress psi Ratio, | 10° Oycles %
psi %
17 + 42,000 - 0 963 0 25
11 - . 0 o6l 0 13
7 10 198 25.0 12.5
10 25 220 16.7 18
10 + 42,000 50 192 27.3 20
10 t 4g, 000 75 177 32.9 26
10 90 11 95.8 ——
8 10 205 22.3 b
7 25 125 52.6 12
7 t+ 48,000 50 72 72.7 9
7 + 54 000 75 50 g1.1 15
8 90 12 95.5 -
17 - 0 93 0 26
8 10 87 6.4 23
6 25 73 21.5 10
8 + hg, ooo 50 59 36.6 16
8 * 54 000 75 27 71 -
g 90 3 96.8 --
15 10 gl 9.7 21
7 + 60,000 25 63 32.2 14
6 50 31 66.7 10
8 + 54,000 75 15 83.9 12
8 90 3 96.8 -
15 + 60,000 - o] LL 0 23

* SIQ = Semi-interquartile range
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Table VIII. - Effect of Prestress on Fatigue Limit of Notched
Specimens of SAE X4130 Steel Btressed as Rotating Beams.

Prestress *+ 42,000 psi Prestress-+ 60,000 psi
ycle | Fatigue amage, % Cycle atigue Damage, %
Ratio, % | Limit, psi of max. Ratio, % | Limit, psi of max.
10 39,500 -3 10 38,000 6
25 39,000 o] 25 35,000 26
50 37,000 13 50 31,000 52
68 37,500 10 75 26,500 81
80 38,500 3 77 28, 500 68
Table IX. - Stress Concentration Factors in Specimens of SAE
X4130 Steel Stressed as Rotating Beams.
S5.C.F.* Theoretl
Type of Fatigue S.C.F.* from Slope of from Slope | cal &.C.
Specimen | Limlt, psi | Fatlgue Limit | S-N curve F.%
Smaoth 50, 000 1.0 .767 1.0 1.0
Notched 39,000 1.28 .983 1.28 1.59
Cracked, 23,500 2.13 1.46 1.91 -
17%

* 3.C.F. = Stress Concentration Factor
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NMumber of JIpecimens

992 Figs, 1,6

E] As FReceived

Stressed 288,000 cyck
unbroken
0 Stressed /44,000 cycles,
unbroken

@ Failed in Faligue

B o

: o
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Figure 1.- Frequency distribution of impdet (Charpy)

tests at -78° C; alloy 25ST, stress range
3,600 to 28,200 pounds per square inch in tension,
special noteh.
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Figure 6.- Variation of tensile-impact energy.with
the product, crack depth X length. Haigh
specimens, normalized SAE X4130 steel.
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Ficure 2.—Progressive X-ray diffraction study of surface of alloy 25ST fatigue stressed in
the range 4,200 to 37,600 psi in tension. (a) and (b) 288,000 cycles, different areas bei
exposed to the X-ray beam. (c) 36,000 additional cycles on the same spot as (b). l(Jc]i‘%
Same spot 79,200 additional cycles resulting in fatigue failure. The crack formed several
centimeters from the X-rayed spot. ' ' Co :

i IR - .

Fraure 3.—Structural features, slip plane precipitation, in a })ropeller blade of 258T aluminum
alloy. The change in direction of the family of parallel lines at gﬁain boundaries proves
that the markings are not polishing scratches. Etchant: 249% HNO,, 1% HCI, 19,
HF. X 100. .
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F1GuRE 4.—Same structure as in
appeared as lines under

Figs. 4, 5

revious figure, higher magnification. The rows of particles

ow magnifications.

Rtehant: ¥% HF. X 1000.

L TR

A

Ficure 5.—Veining in a section of 255T 1uminum all
' HNO;, 1%% HC, 1% HF. X 500.
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Figure 17.- Effect of prestress on fatigue limit. Ly = fatigue limit
of original specimen. = fatigue limit of prestressed
specimens, Lc = fatigue limit of crackad specimen.
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Figure 18.- S-N curves for SAE X4130 steel under three conditions
of stress concentration. Large open points represent
the median values from a group of specimens tested at the same
stress. Small closed points are the results of individual tests.
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